We evaluate some common simulation procedures as well as a recently developed likelihood method used for testing hypotheses regarding microsatellite evolution. Results from simulated data revealed that the tests for the detection of multi-step mutations in general have some power, whereas tests for the presence of constraints on the repeat number have only very limited power. The tests were applied to population data obtained from nine different baleen whale populations. High agreement was found between results obtained using the simulation-based approach and results obtained using a likelihood ratio test. In four of the nine population samples the tests rejected the one-step mutation model. In two instances the significant deviation was due to excess of heterozygosity and in two instances to a reduced level of heterozygosity relative to the expectations under the stepwise mutation model. The former significant deviation was consistent with occasional multi-step mutations, whereas the latter may indicate the presence of constraints on the number of repeats. 1999 Academic Press
INTRODUCTION
Microsatellite loci are becoming one of the principal genetic markers in a wide array of genetic analyses, such as linkage analysis (e.g., Hearne et al., 1992) , molecular ecology (e.g., Palsbøll et al., 1997a) , and evolutionary and population genetics (e.g., Bruford and Wayne, 1993) . The advantage of microsatellites over other nuclear loci is the high level of polymorphism often observed at these loci. Current estimates of mutation rates vary from 10 Ϫ6 to 10 Ϫ2 depending on organism and locus (e.g., Primmer et al., 1996; Weber and Wong, 1993) .
The inference of microsatellite data in population genetic and evolutionary studies relies upon a realistic model of the molecular evolution at this class of loci. Hence, the modeling of the evolution at microsatellite loci has attracted considerable interest. Experimental studies (Levinson and Gutman, 1987a,b; Schlötterer and Tautz, 1992; Strand et al., 1993) demonstrated that microsatellite loci probably evolve by single-strand slippage, usually resulting in gain or loss of a single repeat. This stepwise mutation model is the model adopted by most studies when analyzing microsatellite data. Most studies furthermore assume that there are no limits on the number of repeats at any given loci. Shriver et al. (1993) and Valdes et al. (1993) analyzed population data and rejected the infinite allele mutation model in favor of the one-step mutation model. Later, Goldstein et al. (1995a,b) and Slatkin (1995) proposed measures of divergence among populations based upon the one-step mutation model.
However, subsequent to the work by Shriver et al. (1993) and Valdes et al. (1993) others have suggested that a stepwise mutation model that allows occasional multi-step mutations provides a better fit to data than the standard one-step mutation model (Di Rienzo et al., 1994) . In these studies, (ϭ4Nµ, where µ is the mutation rate and N is the effective population size) is estimated from the data (as two times the population variance in repeat numbers). Subsequent tests employ these estimates as true values of the parameters and estimate the null distribution of a test statistic under the one-step mutation model by simulations. The presence of multi-step mutations has also been confirmed by experimental studies either from identifying novel mutations or from the nucleotide sequences of individual microsatellite alleles from population samples (Weber and Wong, 1993; Estoup et al., 1995; Primmer et al., 1996; Angers and Bernatchez, 1997; Palsbøll et al., unpublished) .
The second assumption, that microsatellite loci are free to mutate to any number of repeats, has naturally received some attention. Evidently, the number of repeats cannot be less than zero, but the observation that the vast majority of microsatellite loci have repeat lengths of moderate size is remarkable. It has been suggested that this could be due merely to the protocol employed in the isolation of microsatellite loci (e.g., Rico et al., 1994) or that some yet unidentified mechanism constrains the accumulation of a large number of repeats at microsatellite loci. Evidence of constraints on the upper bound of the repeat number at microsatellite loci comes from intra-and interspecific comparisons (e.g., humans and chimpanzees in Deka et al., 1994; Garza et al., 1995) . These studies demonstrated that the degree of interspecific divergence was less than expected under a step-wise model with no constraint on the number of repeats conditioned on certain divergence times and/or mutation rates (Deka et al., 1994; Garza et al., 1995) . The mechanisms invoked to explain apparent constraints on the number of repeats have been either mutational bias or selection (Deka et al., 1994; Feldman et al., 1997; Garza et al., 1995; Nauta and Weissing, 1996; Pollock et al., 1998) .
A likelihood ratio test of the one-step mutation model was recently suggested (Nielsen, 1997) . In this method, the maximum likelihood values for the one-step mutation and the multi-step mutation models are estimated separately. A critical value is found by comparing Ϫ2log (where is the ratio of the maximum likelihood under the two models) to a 2 distribution. The use of this approach for obtaining a critical value is investigated later in this paper. Although computationally intensive, the likelihood approach has an advantage over simulation-based tests in that it makes use of all the information contained in the data regarding the relevant parameters.
In this paper, we examine the statistical properties of the commonly applied tests of microsatellite evolution based on the allelic distribution of one population sample. We focus on tests dealing with two current issues: the presence of multi-step mutations and constraints on the number of repeats.
MULTI-STEP MUTATIONS AT MICROSATELLITE LOCI

Simulation-Based Tests
In this section we examine the statistical properties of some common tests for the presence of multi-step mutations. In these tests, an unbiased moments estimate of is obtained from the population data as two times the variance in repeat number among alleles (Valdes et al., 1993) . Subsequently, coalescence simulations (e.g., Hudson, 1990 ) are performed using the estimated value of to determine if the observed distribution is compatible with the one-step mutation model estimated from the simulations. In order to perform such comparisons, an appropriate test statistic must be applied. Di Rienzo et al. (1994) applied the observed sample heterozygosity (H ) and the frequency of the most common allele ( f ) as test statistics. To perform one test at significance level ␣, n simulations were performed under the estimated value of . For the ith simulation, a test statistic ( f i or H i ) is calculated. The presence of multi-step mutations is expected to yield a lower heterozygosity (H ), given the same population variance in repeat number relative to a singlestep mutation model, whereas the opposite is expected for the frequency of the most common allele ( f ). Hence, the test using f as a test statistic rejects if ⌺ iϭ1 n I ( f Յ f i ) Ͻ n␣ and the test using H as a test statistic rejects if
where n is the number of simulations and I (⍀) is an indicator function that returns 1 if ⍀ is true and 0 otherwise.
Because of the uncertainty associated with the initial estimation of , these tests may not be appropriate if the distribution of the test statistic changes with the value of . We investigated this by examining if the prior estimation of from the variance in repeat number could generate a Type I error. In order to do this, we performed coalescence simulations under different known values of . For each value of , we conducted 100 tests with sample sizes (number of chromosomes) of 30 and 100, and for each test, an allele distribution was generated using the approach described by Hudson (1990) under the chosen value of . The test statistics (H, the heterozygosity, and f, the frequency of the most common allele), as well as , were estimated from the generated allele distribution. Subsequently, 1000 new coalescence simulations were performed under the estimated value of to generate the null distribution of the test statistic. The results of these simulations are shown in Fig. 1 in which the values refer to the proportion of tests which were significant when a significance level of ␣ ϭ 0.05 was chosen.
The simulation results demonstrate that the proportion of significant tests remains below 0.05 over even a fairly wide range of values. This confirms that the test approximately maintains the desired level of ␣.
Another issue to consider is the power of these tests to reject a stepwise mutation model. The power was estimated in a manner similar to that described above; only this time was held constant (at 5) and multi-step mutations were allowed. The proportion of mutations that involved multiple repeats ( p) was varied between 0 and 1.0 in increments of 0.2. A total of 100 tests (as described above) were performed for each value of p for sample sizes of 30 and 100. All multi-step mutations in the range of 2-10 (2 and 10 included) were assumed to be equally likely. Figure 2 shows the proportion of tests which detected a significant deviation from the expecta-478 tions under a one-step mutation model when an ␣ level of 0.05 was chosen. Only at values of p larger than 0.4 did we observe a rejection of the one-step mutation model in more than 75% of the simulations. These results suggested that this type of test may have limited power in detecting the presence of a small proportion of multi-step mutations.
Likelihood Ratio Tests
As mentioned above, Nielsen (1997) presented a likelihood method as an alternative to the simulationbased test employed above. The likelihood (a function proportional to the probability of the data given the model) can be estimated under a one-step and a multistep mutation model. In the first case the only parameter is , whereas in the latter case there are two parameters: and p. No other parameters are estimated from the data. The significance of the difference of the likelihood values, i.e., if the multi-step mutation model is much more likely than the one-step mutation model, can be evaluated by applying the likelihood ratio test statistic
Nielsen (1997) proposed obtaining the critical value of this test statistic by comparing Ϫ2log to the 2 distribution with one degree of freedom. However, because the observations of microsatellite repeat scores are correlated through a shared underlying genealogy, it is worthwhile to examine if the 2 approximation provides appropriate critical values in the present case. In reality, deviations from a 2 distribution will be observed because the parameter ( p) is bounded in the interval between zero and one. The effect, when the null hypothesis is true, is an excess of log likelihood ratio values at zero because estimates of p ϭ 0.0 will be obtained. This effect will not elevate the probability of committing a Type I error, but will result in a more conservative test. Because the performance of each test is very computationally intensive, it is very difficult to evaluate the performance of the test by simulations. However, we succeeded in performing a limited number of tests under the null hypothesis that there are no multi-step mutations. In each test, 1,000,000 genealogies were sampled in order to estimate the likelihood function (see Nielsen, 1997) . The data were obtained by coalescence simulations (e.g., Hudson, 1990) , assuming that ϭ 5 and n ϭ 50, ϭ 1 and n ϭ 50, and ϭ 5 and n ϭ 50, and the number of significant tests at the ␣ ϭ 0.05 level was scored (Table 1) . In no cases did the proportion of significant results exceed 0.05. Despite the limited sample size, this result suggests that the likelihood ratio test does not have a tendency to commit a Type 1 error. At least, a strong inflation of the assigned significance level can be excluded for these particular parameter values. Another question is the power of the likelihood ratio test. Since the parameter ( p) is bounded in the interval between zero and one, it may be expected that the test is conservative. An examination of the power of the likelihood ratio test was performed by doing a limited number of tests under the hypothesis that multi-step (Table 1) . The results are compared to the results obtained using the simulation-based test. Notice that the proportion of significant tests in all cases was larger for the likelihood ratio test than for the simulation-based test. Although hardly conclusive because of the very limited sample size, this result suggests that the likelihood ratio test may be more powerful than the simulation-based test. This result is not surprising, as the likelihood ratio test statistic captures all the information in the data regarding p. The disadvantage of the likelihood approach is that it is very computationally intensive. A single test typically takes many hours on a fast workstation. Also, it cannot be determined a priori how many genealogies must be sampled to provide good estimates of the likelihood.
In order to further assess the utility of the above methods and to obtain further insight into the molecular evolution of microsatellite loci, we analyzed population data from nine different populations of baleen whales (see ANALYSIS OF BALEEN WHALE POPU-LATION DATA).
CONSTRAINTS ON NUMBER OF REPEATS AT MICROSATELLITE LOCI
Analysis of interspecific microsatellite data (Deka et al., 1994; Garza et al., 1995) have suggested the presence of constraints on the number of repeats in microsatellite loci. These studies assumed a known divergence time and/or mutation rate. However, a simulation-based test, equivalent to the test described above, for the presence of multi-step mutations, can easily be performed, circumventing the need to know the mutation rate and/or divergence time. Crucial in devising such a test is the choice of test statistic. Unfortunately, there are no strong theoretical predictions to guide the choice of test statistic. However, we explored a wide range of test statistics, including the heterozygosity, the frequency of the most common allele, the kurtosis, the range of allele sizes, and the frequency of the smallest and the largest allele. Although this list is by no means exhaustive, it represents a wide range of possible test statistics. Here, we will report only on the results obtained from the tests performed using the heterozygosity (H ) and the frequency of the most common allele ( f ), as these test statistics appeared equal to or more powerful than the other test statistics (data not shown). The presence of mechanisms constraining the number of repeats is anticipated to increase the heterozygosity (H ) and decrease the frequency of the most common allele ( f ), given a particular estimate of (Fig. 3) , relative to the expectation under a model with no constraints of the number of repeats. A simulation-based approach should thus reject the stepwise mutation model in favor of a model with constraint in allele size if ⌺ iϭ1 n I ( f Ն f i ) Ͻ n␣ using f as a test statistic and if ⌺ iϭ1 n I (H Յ H i ) Ͻ n␣ using H as a test statistic in n simulations.
We evaluated the power of the simulation-based tests to detect significant deviations from a one-step mutation model due to constraints on the number of repeats as described above for the simulation-based tests of multi-step mutations for sample sizes of 30 and 100 chromosomes. We considered two different models of constraints on allele size. The first model considered hard boundaries (a simple symmetric random walk with reflecting boundaries). Tests were performed with a mutational interval (k ϭ distance in repeat units between boundaries) of 2, 5, 10, 25, 50, and 100 repeats. Our results showed (Figs. 4a and 4b ) that simulationbased tests using H and f as test statistics exhibited very limited power to detect the presence of constraints on allele size. In no instance was the false null hypothesis (no constraints on allele size) rejected in more than 50% (and typically in less than 20%) of the tests with ␣ ϭ 0.05. Limited power to reject the false null hypoth- 
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esis was observed even in extreme cases with a very narrow mutational interval (k Ͻ 10).
The same pattern was observed in a model with soft boundaries (Figs. 4c and 4d ). In this model, an optimal allele size was assumed and mutations toward this optimum occur with higher probability than mutations away from the optimal allele size. It was assumed that an allele that differed from the optimal size by d repeat units mutated to a size that is d ϩ 1 repeat units from the optimum with probability (e Ϫ␣d )/2 and toward the optimal allele size with probability 1 Ϫ (e Ϫ␣d )/2; i.e., the mutational pressure increased exponentially with the distance from the current size to the optimum.
None of the other test statistics explored (e.g., the width of the allele distribution and the frequency of the smallest and largest allele) proved more powerful than H and f (data not shown). Hence, our results indicated that detecting possible constraints on the number of repeats might indeed be quite difficult from simulationbased tests due to lack of power. The reason appeared to be that the values of the test statistics estimated from population samples generated under models with constraints on repeat number and high values of and those obtained from population samples produced under models with no constraints on repeat number but lower values of are within the same range. Thus, testing for the presence of constraints on the number of repeats using an estimate of calculated from the data appears to possess very low power. Simulation tests based on the comparison of two populations and estimation of both and the divergence time between the populations were also explored. These tests similarly revealed very low power. The main reason for this lack of power is probably that the observed distributions, in the presence of constraints on repeat number, closely resemble the distributions observed under models without constraints (but with a different value of and the divergence time). More power could probably be gained by implementing appropriate likelihood ratio tests. Unfortunately, such likelihood ratio tests are difficult to devise under models of constraints on allele size and will therefore not be implemented here.
ANALYSIS OF BALEEN WHALE POPULATION DATA
The one-population tests described in the previous sections were applied to microsatellite data from nine baleen whale population/microsatellite loci combinations (Tables 1 and 2 ). Both di-, tri-, and tetranucleotide microsatellite loci were investigated. The loci were isolated from humpback whale, Megaptera novaeangliae, genomic DNA (Palsbøll et al., 1997b) and population samples were analyzed following standard procedures as described in Larsen et al. (1996) and Bérubé et al. (1998) . For each data set, 1000 coalescence simulations were performed to test for deviations from a strict one-step stepwise mutation model. Both test statistics, f and H, were estimated during each simulation. The likelihood ratio method described above was employed as well to test the fit of the observed distribution to a strict one-step mutation model relative to a multi-step mutation model. A total of 1,000,000 runs through the Markov chain were performed for each data set in order to estimate the proportion of multistep mutations ( p). The results of the tests are described in Table 2 . The strict one-step mutation model was rejected in two instances with simulation-based tests because of a reduced level of heterozygosity, suggesting the presence of multi-step mutations. These results were supported by the log likelihood ratio test, Multi-step mutations Constraints et al. (1994) and Estoup et al. (1995) , who both detected significant deviations from a strict onestep mutation model in the direction of possible multistep mutations. Two other incidences of significant deviations (Table  2 ) from the null expectations under a strict one-step stepwise mutation model were observed. In these two cases, the deviations were due to an excess heterozygosity, which is expected if there are constraints on the number of repeats. The test statistic f did reveal significant results irrespective of whether the tests were performed as one-sided or two-sided tests, whereas H yielded significant deviations at ␣ ϭ 0.05 only if the tests were one-sided. Considering the low power demonstrated in the previous simulations, it was somewhat surprising that any significant deviations of this kind were detected. The relatively large sample sizes may have added power to the tests. However, it has to be kept in mind that significant deviations in the above tests could also be due to violations of the assumptions of the underlying coalescence model, e.g., nonequilibrium conditions. Likewise, other deviations from the one-step mutational model may be of importance.
DISCUSSION
The results from our study demonstrate that, despite moderate to low power, we were able to detect significant deviations from the expectations under a strict one-step mutation model at microsatellite loci in baleen whales. It appears that the tests were adequate in many instances to provide insight into the underlying mutational mechanisms generating the observed allele distributions. However, the tests of constraints on the number of repeats did have very limited power. Other approaches, such as the one adopted by Garza et al. (1995) , in which certain parameters are assumed known, may in fact be preferable to the simulation-based tests that rely on estimating the relevant nuisance parameters from the data. The performance of such tests may be improved by assuming a density function for the nuisance parameter in order to take account of the uncertainty in the assumed parameter value.
Several other studies before this (Deka et al., 1994; Di Rienzo et al., 1994; Estoup et al., 1995; Garza et al., 1995; Palsbøll et al., unpublished) have demonstrated similar deviations from the null expectations of the one-step mutation model, adding evidence to the fact that a strict one-step mutation model is probably inadequate to fully capture microsatellite mutational mechanisms. The absence of significant deviations at the remaining five population/loci combinations presented in this study does not necessarily imply that these loci follow a strict one-step mutation model, but it could also be due to a lack of power in the statistical tests and/or the cancellation of opposite-directed effects of constraints in allele size and multi-step mutations.
We cannot exclude the possibility that deviations from the one-step mutational model other than multistep mutations and boundaries are contributing to the significant results. Likewise, we cannot exclude the possibility that the results of the tests of the mutational model, in this as well as in other studies, were effects of violations of the assumptions of the underlying coalescence model rather than the mutational models. However, violations of the coalescence model caused by demographic factors, such as population expansions, bottlenecks, or population subdivision, are expected to generate deviations from the null model that are consistent among loci. In our study, we observed an excess in heterozygosity at some loci and a reduction in heterozygosity at other loci within the same population. An example is the blue whale, Balaenoptera musculus in the Gulf of St. Lawrence, in which we observed a significant excess of heterozygosity in one locus and a significant deficiency of heterozygosity at another locus.
The observation that the effect of multi-step mutations and constraints on allele size may vary between loci suggests that it may be futile to develop realistic and applicable models of microsatellite evolution based on an exact description of the mutational model. The problem is that only little information regarding the mutational process is available in the population sample from a single locus. Since the mutational process most likely varies among loci, it may be difficult to obtain accurate estimates of the relevant parameters of the mutational process. Instead, methods more robust to the variation in the mutational process should be explored. We warn against strong interpretations of the results of ecological or demographic studies that rely heavily on specific models of microsatellite evolution.
